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ABSTRACT

FAQILITY FORM sOR

of fusion of binary eutectic systems of metals or
salts from the available thermodynamic data. A
preliminary survey has been made to find metals,
metallic compounds and binary systems of these

substances which could serve as constant temperature -

heat reservoirs for thermal energy storage. RuTH6 2 __
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*This paper is to be presented at 6th National Heat Transfer Conference,
Boston, Massachusetts, not to be published in the permanent literature
in this form.
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INTRODUCTION

A solar powered heat engine or thermionic energy con-
verter in orbiting space vehicles require some means of energy storage
for power while they are in skade. Baiteries have been used to store
the energy in electric form. The energy losses and high system weight
associated with the use of batteries make it desirable to look for al-
ternative means of energy storage. Metals and metallic salts could
serve as excellent reservoirs for thermal energy storage. The amount
of energy that can be stored isothermally is limited by the heat of
fusion of the substance considered. The melting point of the metal
or metallic salt under consideration would determine the upper cycle
temperature. The binary eutectics of light weight metals and com~
pounds offer a means of obtaining a wide choice of operating temper-
atures without signif icartly lowering the available heat.

As an example, the melting point and the heat of
fusion of lithium hydride are 959.6°€ and 7.0 2.0 k. cal./mol.®
respectively. So the available heat would be 880 ¥ 250 cals./gm.
which is the highest for any compound. However, it is very difficult
to find a suitable refractory material which will contain molten
lithium hydride and which is impermeable to the hydrogan produced
by dissociation of the hydrids. Thereforz, compounds and metallic

systems which can be contained without much difficulty are sought

and a few of them are presented in this survey.



The main criterion which has been used in this survey
of suitable metals and metallic compounds is that the heat of fusion
per unit mass must be large; a figure of 200 cals./gm. and a temperature

of BOOOC have been chosen as the lowest limits.

METALS
Only three metals are found to satisfy the suggested

criteria., These arz boron, beryllium and silicon.

BORON: The usually accepted melting point of boron of 2000-207500

’

due to Cueilleron 2 has been placed in doubt by the more recent
measurements of Searcy and Myers 3 who suggest a value between
2150-2160°C. Stull and Sinke *2 give a value of 2300°%K. No heat

of fusion measurements have yet been made on boron but a resonable
estimate can be made by assuming that the entropy of fusion is in the
range of 2.1to 2.3 e,u,’:l . This yields a heat of fusion of approximately
5300 cals./gm. mole or about 450 cals./gm. Even though the high
melting point and difficult container problems militate against the

use of pure boron as a possible heat sink, it is felt that boron may be a .

useful component in a suitable binary or more complex eutectic system.



BERYLIIUM: The melting point of hervilium is agenerally accepted
r,o. 4,5 \

tobe 1283 - 3°C . The nguallv acceoted value for the heat

of fusion of Lervlliv:a is 2800 - 500 cal/mole S which gives a value

of 310 £ 55 cals/gm. for the available heat.

SILICON: The recent work of Olette 8 gives the melting point
for silicon as 1412 £ ZOC. Olett's figure for the heat of fusion is

12,110 * 100 cal/gm. mcle providing an available heat of 410 cals./gm.

COMPOUNDS
LITHIUM FLUORIDE: Kelley > gives the melting point and measured
heat of fusion of lithium fluoride to be 1121.3 OK and 6.470 k. cals/gm.,

mol. respectively, the available heat being 250 cals/gm.

MAGNESIUM FLUORIDE: The usually accepted values of melting
point and heat of fusion arz 1536°K and 13.9 k. cal/gm, mole 6

respectively. This gives an available heat of 223 cals/gm.

BERYLLIUM OXIDE: Kubaschewski and Evans 4 estimate the heat of
fusion to be 17 k. cals/gm. mol. Kandyba at al 9 made heat content
measurements on solid and liquid BeO. From one heat content measure-
ment on liquid BeO at 2840°K the heat of fusion was calculated to be
15.44 k.cals/gm mole J with an uncertainity of to.5 k.cal/gm. mol.

The heat of fusion had been estimated to be 14 k,cals/gm mole in



the JANAF compilation 6 . Recent reported values for melting point of

BeO have rarnged from 2723% to 2843°%K 93, 6. A melting point of

+
2820 - 15°K 9 was selecied for this work. The available heat from

different data would be 680 4 , 618 ) and 560 6 cals/gm. respectively.

MAGNESIUM OXIDE: The melting point as given by Kanolt 22 is 3075°&.
This value is generally accepted. The heat of fusion of MgO was
calculated by Kelley 23 to be 18.5k. cal./gm. mole from the depression
of the freezing point in the MgO - ZrC)2 system, As this method assumes
an ideal mixing of the liquid solution this value is only an approximate
one and an uncertainity of 1.5 k.cal./gm mole is assigned to it. The

available heat would be 464 cals/gm.

CALCIUM OXIDE: Kubaschewski and Evans 4 give the melting point of

CaO as 2873%K. Schumacher 2 reported it to be 2849°K, and Kanolt>>

o

gave a value of 284301(. The averaga for these values of 2860 - 30°K
was adopted here. Kubaschewski and Evans 4 estimated the heat of
fusion to be 19,.0k.cal/gm mol, Kelley 23 calculated a value of 12, 24k.

cal./gm. mol. from melting points in the CaO - ZrO, system. The

2

available heat from the different data would be 340 4 and 220 cals/gnn.23

respectively. Although it is almost inccnceivable that the oxides

themselves could be used in view of their high melting points, the

eutectic mixtures in the systems CaO - BeO and MgO - BeQO are practicable.



CCBALT TRISILICINE: The meltine noint and heat of fusion are found
to be 1579°K and 34.0 X 2.5 k.cal/ym. mole 25respective1y. The

available heat would be 238 < 15 cals/gm.

MAGNESIUM SILICIDE (MgZSi) Th2 melting point and estimated
4 [}
heat of fusion are 13750K and 20.5 : 2.5 k.cal/gm. mol, 4 respectively.

This gives an available heat of 270 ¥ 30 cals./gm.



ESTIMATION OF THE HEATS OF FUSION OF
EUTECTIC MIXTURES
Direct measurements of hcats of fusion of most of the
eutectic systems are yet to be made, It is possible however, to
calculate the heats of fusion of these euiectic mixtures provided the
following data are available.
(a) Integral heat of formation of liquid eutectic mixture
(b) Heat capacities of solid and liquid components
(c) Heats of formation and fusion of any inter-
metallic compounds taking part in eutectic
reaction,
(d) Integral heat of formation of primary solid

solutions, if any.

Let
X = liole fraction of component B
(A,HgA = Heat of fusion of component A at TAOK.
(&H f)B = Heat of fusion of component B at TBOK.

r: ta3 y s
CPAI and bas are the heat capacities of liquid and
solid "A" respectively.

C and CPBS are the heat capacities of liquid and solid

PBl1

"B" respectively.



AH = Integral heat of formation of ligquid eutectic
solution at some temperature T M
a Ha<M = Integral heat of formation of solid solution
L at Te.
A HBM = Integral heat of formation of solid solution
ﬁ at T°0
A CPM = Integral heat capacitjr change on mixing
_ M
= Cp - (X)) Gppy =X, Cppy

A mixture of pure solid elements "A" and "B" in the
eutectic proportion held at the eutectic temperature 'I'e is taken as the

reference state.
The formation of liquid eutectic at TM from the pure liquid

components can be represented by the reaction

xz B(1) #(1 - xz) A (1) =A, B‘x (1)

ERUERS

M

Integral heat of formation at T_, =/ H

M

From Kirchoff's law, 28 the integral heat of formation

at T is given by
e TM

=£‘.HM‘/LCIVI daT
/ P
T

e

From Kirchoff's law, the heat, of fusion of component "A" at Te

a

=(AHE)A -/ 4G, dT

T
e



=

A

:
=(2HY "/ (Cpa; Cpag 9T
A g

e

The heat absorbed in melting (1 - Xz) moles of "A" =
T

A
(1-x) }(AHf) "/ (Cpay = Cppg T
A

e

. B
//
The heat of fusion of "B" at T = (& Hf) - / AC_dT
e B P

T
e

T

T

=(A¥ - -
(411 . / (Cpp = Cppg 9T
Te

Therzfore, the heat absorbed in melting X2 moles of "B" =

X2 ;(A I-If) -/ (CPBl - CPBS) dT]

Therefore for a system showing no solid solubility or if the solid solubility
is neglected we have for the heat of fusion of the eutectic mixture the

following expression



~ T

]

| M
agM- / A CPM dT
Te
i Tp
H(liquid -eutectic)H (solids) = +(l—x2) t ( AHt) A - / (CPAI-CPAS) ar
T
e
Ty
|
+X, l( A Hf)B - (Cpp;~Cppd 9T
r .
Y e

The above expression gives H and must be

(liquid -éutectic) H (pure solids)
corrected to take into account any solid solubility,

The formation of primary solid solution "£ " may be represented by the

equation

B+ (-X) A =h_y By (9

-X
X3 - X,
The fraction of “J " in the eutectic mixture at "T " =
e x3 - Xl
M 5%
Heat of formation atT_= AH,. (~—F)
e £ x3 - xl

The formation of the second primary solid solution "B" is represented by

XS+ 0-X) A =h_y

B, (9
%3




X -
The fraction of "§" in solid eutectic mixture at "T " = 2”1
_ R Xl
i % X;)
Heat of formation=a, ¢
P Xm X

H(fsoli d_eutectic) {solid mixture)” = Heat of formation of solid

eutectic from pure "A" and pure "B".

X"X

NI 2
- = —2 4y
H(solid eutectic) H (solid mixture) h X3 " !
X X
M 2
(x--——)Jl
3 ‘1
Hecat of fusion of eutecticatT = 2 H
‘— - fM .
X -X _
M M M, 3 M
4H / LGy dT - 2H, = SH,
T
e
T -
: ]
AR, = +(1-X) Q‘AH’ | Cpay™ Gpad d |
'-_ T -
] Ty
+ X §(~H)-;(C -C dT}
2 {270 7 | Cem” Cpeg
- T
e
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This is the amount of heat obtained upon equilibrium solidification

of the liquid eutectic at temperaturs T . To illustrate the procedure,

an estimation was carried out on the Ag - Cu system.

T
A K\\
.

\ ~

\ ~

\ LD L

L+ 4L \\
\,\ /,.,/

T ~ -
1

\
e e vt e e i ==

———— XCu Cu

Eutectic composition = 0.399 = X cu
Eutectic temperature = 10520K

0.399 Cu(l) + 0.601Ag (1) = Cg 399 A9y g0y (D

A HM at 1400°%K 7 290 cals/gm. atom

11



1400

s atT_ = 990 - / ac,M ar
1052
Where ACPM refers to the heat capaciiy change on mixing
If we apply Kopp's law 26. ACPM = 0 and the temperature variation of
A HM is neglibible.
AHM atT = 980 cals/gm. atom

For the fusion of copper

0.398 cu {S) = 0.399 cu {})

(A Hf) at 1356°K ) = 3120 cals/gm. atom
cu
1356

(4H) at 1052%K = 3120 - / & CodT
cu

1052
1356
/ -3
=3120- /  (2.09-1.5x10°T)dT
1052

3034 cals/gm. atom or 1211 cals for 0.399 moles of copper

i

For the fusion of silver

0.601 Ag (S) = 0.601 Ag (D)

(2 Hf) at 1234% (5 _ 2855 cals/gm. atom
Ag

12



1235

o / -3 36 x 10°
(aH) at1052°k=2855- / (2.21-2,04x10 T - —2%5")dr
Ag

1052 T
= 2882 cals/gm, atom or 1732 cal. for 0.601 moles of silver

H (1iquid eutectic) & (solid mixture) = 890 + 1211 + 1732

3933 cals/gm. mole

When the liquid eutectic solidifies at 10520 K, the con-

stituents are« and g in the followino pronortion.

C.81

Fraction of £ = = (0,6779

Fractionof g =1- 0,6779 = 0,3221
Foriration of " "
0.141 cu (S) + 0.85% Ag (S) = Clb 141 Ago 859 (S)

7)

s
ivi

AH, at 1400°g ™ 730 cals/gm. mol.

Heat of formation of 0.6779 mol. of "L "

=730 x 0.6779 = 495 cals,

Formation of "2 "

0.951 Cu (S) + 0.049 Ag (S) = be 951 Ago 049 ()

)
A H;/I at 1400°K (7) = 420 cals.

13
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Heat of formation of 0.3221 mol, of "B "
=0,32213:420 = 135 cal.

- = 40 =
H(solid eutectic) H (solid mixture) 495 + 135 = 630 cal/gm. mol.

A Hm = Heat of fusion of eutectic

= 3933 - 630 = 3303 cals/mol,

Formula weight of the eutectic = 90,2 gm.

3303
90.2

Available heat =

37 cals/gm

(27

The following are the most promising cystems:

BINARY METALLIC SYSTEMS

System Eutectic at % Composition Eutectic Temperature
Si - Ce 81.5% i (Ce Si, - S1) 1240°C
Si-Y 82% S (Y, Sig - S 1215°¢c
Be - Co S0% Be (Be21005 - Be) 124500
Be - Fe 95% B3 (Be Fe - Bo) 1225°C
Be - Ni 90% Be (Be,, Nig - Be) 1240°¢C

B -Y 98 - 98.5% B 1960 - 1970°C
B - Mo 80% B 1650 - 1680 °C
Be - Cu 82.7% Be (Be,Cu - Be) 1150°c
Ca - Si 69% Si (Casi, - 5i) 980°¢C
Co - 8i 77.5% Si (Co 51,- 5i) 1259°¢C
Mg - St 53.5% 51 (Mg, 51 - 51) 920°c

14



Unfortunately most of the data are not avilable for the
systems of interest. However, this method enables fragmentary data

to be used and reasonable estimates of heats of fusion to be made.

OXIDES: Ca0O - BeO and MgO - BeO are the important systems.
The heats of formatjon of these liquid eutectics are not available

and the estimates are made -assuming them to be zero, Batutis
measured the heat of fusion of 60 BeO - 40 MgO using an adiabatic
calorimeter and cbtained 500 cal./gm. which agrees fairly well with
this estimation., Glasscock, Jr. 17 measured the heat of fusion of

60 BeO ~ 40 Ca0O by transient method and the value is 2001' 25 cal/gm,
which is in close agreement with that of Batutis 2 who gives it as

221 cal/gm. Since CaO and MgO are chemically similar it is ex~
pected that the heat of mixing and heats of fusion would not be

much di fferent. Therefore it is surprising to find this large difference

between the systems BeO - MgO and BeO - Ca0. Confirmation of these

values would be desirable,

FLUORIDES: LiF - NaF, Lif - Mg 11'2 and Can = MQFZ

of importance and the estimated values of & Hm are shown,

systems are

CHLORIDES: The estimated value of heat of fusion of the eutectic
LiCl - KCl1 is 3.9 k. cal./gm, mole and the calorimeiric measurements
of Solomons et al 18 give a value of 3.2 k. cal./gm. mole which is in

reasonable agreement with the estimate,

15



EFFECT OF NON-EQUILIBRIUM STRUCTURE

S0 far only the equilibrium eutectic structure has been
considered. To obtain the equilibrium structure which is a complete
separation of the two phases, the cooling rate has to be exceedingly
low, For rzal cooling rates the typical eutectic structure is observed.
This usually is a lamellar structure with large interfacial areas. Little is
known - about the heats associated with this. However we can draw
seme conclusions from the work of Mehl, Pound and Kramer 20 on
lamellar pearlite. The interfacial enthalpy of the pearlite phase in
Fe - Fe3C system was found to be 1400 £ 300 ergs/cmz. For an
interlamellar spacing of 6A° in the Fe ~ FeBC eutectoid structure
the interfacial area would be 5800 cmz/gm. and the total heat locked
up as interfacial enargy would be no more than 0.2 cal/gm. This is
negligible compared to the experimental error and so the effect of

non-equilibrium structure on the heat of solidification is likely to

be insignificant,

16




CONCLUDING REMARKS

This survey yields a few systeias which are of interest
from the point of view of energy storage. Thermodynamic data on
these interesting systems is very much lacking. Measurements of heats
of fusion, heats of mixing and partial molar properties are yet to be
done on almost all of these systems. For the study of transient
properties precise thermochemical data is a prerequisite, Nothing
has been said about the difficulties to be encountered in finding

suitable containers for these systems.,

17
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